Many microbes can be cultured as single-species communities. Often, these colonies are controlled and maintained via the secretion of metabolites. Such metabolites have been an invaluable resource for the discovery of therapeutics (e.g. penicillin, taxol, rapamycin, epothilone). In this article, written for a special issue on imaging mass spectrometry, we show that MALDI-imaging mass spectrometry can be adapted to observe, in a spatial manner, the metabolic exchange patterns of a diverse array of microbes, including thermophilic and mesophilic fungi, cyanobacteria, marine and terrestrial actinobacteria, and pathogenic bacteria. Dependent on media conditions, on average and based on manual analysis, we observed 11.3 molecules associated with each microbial IMS experiment, which was split nearly 50:50 between secreted and colony-associated molecules. The spatial distributions of these metabolic exchange factors are related to the biological and ecological functions of the organisms. This work establishes that MALDI-based IMS can be used as a general tool to study a diverse array of microbes. Furthermore the article forwards the notion of the IMS platform as a window to discover previously unreported molecules by monitoring the metabolic exchange patterns of organisms when grown on agar substrates. This article is part of a Special Issue entitled: Mass Spectrometry Imaging.
1.

Introduction
Many microbes can be cultured as single-species communities. The microbial communities, or colonies, curate their environment via metabolic exchange factors such as released natural products. To date, there are very few tools available that can monitor, in a systematic and informative fashion, the metabolic release patterns by microbes grown in a pure or mixed culture. There are significant challenges in the ability to monitor the metabolic secretome from growing microbial colonies. For example, the chemistries of such molecules can be extremely diverse, ranging from polyketides (e.g. erythromycin), nonribosomal peptides (e.g. penicillin), isoprenoids (e.g. artemisinin), fatty acids (e.g. octanoic acid), microcins (e.g. Nisin), to peptides (e.g. microcin C7), poly-nucleotides and proteins [1] [2] [3] [4] [5] [6] . Because of this chemical diversity, most of these molecules are extracted prior to analysis and studied one at a time and apart from the native spatial context of a microbial colony. Thus, limited information is obtained about the metabolic output of colonies in a synergetic or multiplexed fashion.
Matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) imaging mass spectrometry (IMS) is a powerful tool for simultaneously investigating the spatial distribution of multiple different biological molecules [7] [8] [9] [10] [11] . The technique offers a molecular view of the peptides, proteins, polymers and lipids produced by a microbial colony without the need of exogenous labels or radioactive trace material [12] . Target compounds can be measured and visualized simultaneously and in a high throughput manner within a single experiment. IMS extends beyond techniques such as MALDI profiling or MALDI intact cell analysis. Although invaluable, these techniques give a broad view of the metabolites produced in reference to a growing colony, where discretely secreted low global concentration but high local concentration metabolites could be missed. IMS entails examining the entire bacterial colony, including the surrounding agar medium, by defining a raster composed of greater than one thousand laser spots (points of data collection), which increases the likelihood of detecting unique, discrete ion distribution patterns and hidden molecular phenotypes that cannot be observed by the naked eye. IMS technology has been widely used in the medical sciences, such as disease pathology and pharmaceutical research [13] . The types of samples analyzed include brain and liver tissues [14] or plant tissue [15] . In these methods, it is necessary that the tissue is cryo-sliced and treated before matrix application [16] . As an extension to the technique, we successfully applied MALDI-TOF imaging for visualizing the spatial distribution of secondary metabolites produced by marine cyanobacteria and sectioned sponges. For this application, single filaments removed from an assemblage of marine cyanobacteria were anchored on a MALDI target plate. The filaments were coated with a matrix for MALDI-TOF analysis and biologically relevant molecules were identified [17] . More recently, our lab developed a further extension in the capabilities of the technique, as it was demonstrated that MALDI-TOF IMS could be used to visualize the metabolic exchange between two competing bacterial populations. The experiment entailed monitoring the chemical exchange between colonies of Bacillus subtilis and Streptomyces coelicolor, grown in proximity on top of a MALDI plate. This experiment enabled the spatial and temporal characterization of metabolites produced during the growth of the microorganisms [18] . Fig. 1 shows an overview of microbial IMS. Microbial colonies are grown in a Petri dish, followed by excision and transfer after reaching a desired stage of growth. The agar is then coated with a solid small molecule crystalline matrix that assists in the ionization process. The MALDI plate is then placed at 37°C to dehydrate the agar and dissolve the matrix, which then acts as an adhesive to stabilize the solid agar. Samples are then introduced into the MALDI-TOF mass spectrometer where a raster grid is designated within or around the microbial colony. The raster is composed of a series of laser spots with micron spacing, directing the MALDI-TOF mass spectrometer to collect data at each point. The result is a series of mass spectra that are processed to display as an average mass spectrum. The Bruker software FlexImaging can then be used to false-color the ion of interest to indicate the spatial resolution within the designated raster.
The work herein describes three aspects of the application of IMS in the investigation of microbial metabolic exchange factors. First, media optimization was used to extend the use of IMS to investigate the metabolic secretome of a large number of different microbial species, establishing MALDI-based IMS as a general platform for the characterization of microbes. Second, using the optimized growth media, it was possible to visualize by IMS that 75% of the studied microbes release metabolites into the surrounding growth media, enabling the enumeration of secreted versus colony-associated metabolites. This observation reinforces the hypothesis that microbes interact with their surroundings to curate or otherwise impact their environmental niches, and that these interactions may have important ecological implications. Finally, we show that a large number of molecular entities can be visualized by IMS from heterogeneous mixtures of organisms isolated from different ecological environments, underscoring the importance of metabolic release for the co-existence of multiple microbes. Together with extraction, tandem mass spectrometry by Fourier Transform Ion Cyclotron mass spectrometry (FT-ICR-MS) and MALDI-TOF/TOF analysis, it was demonstrated that the observed metabolic factors were partially or completely identified. This method has opened a new window into the metabolic output of microbial colonies, and can potentially be used for chemical ecological studies, investigations of microbial biofilms, and the acceleration of the early phases of natural product-based drug discovery.
2.
Materials and methods
Strains, media, and culture conditions
The bacteria and fungi used in this study are listed in Supplementary Table 1 
Sample preparation
In each case, 13 mL of the selected agar medium was poured into a 100 × 15 mm Petri dish and allowed to solidify. Thereafter, each microbial strain to be grown was inoculated on the appropriate agar medium or the medium was poured directly on top of the stainless steel agar plate. Bacteria Lysobacter enzymogenes C3, B. subtilis 3610, Bacillus pumilus CNJ762, Pseudomonas aeruginosa PAO, and Pseudomonas fluorescens PFO-1 were inoculated on LB agar. For Nostoc sp., PCC 7120, a 10 μL inoculum was pipetted onto BG-11 agar that had been poured on top of a square piece (4 cm × 4 cm) of aluminum foil contained in a Petri dish. After 7 days of growth, the foil was removed from the Petri dish and the agar with the culturemedium was placed on the Bruker MSP 96 MALDI target plate. The fungi and spore-producing bacteria were inoculated on ISP-2 or A1 agar until visible spores were produced. The spores were then collected and diluted in water. Either 0.2 μL of the bacteria suspensions or 1 μL of the diluted spores were inoculated onto the surface of Bruker MSP 96 MALDI target plates containing solidified agar media on the surface. All cultures were grown at an appropriate temperature and time.
The inoculation times are listed in the Supplementary Table 1 .
For the organisms that were not grown directly on Bruker MSP 96 target plate but instead on media in Petri dishes, each culture was incubated until it displayed robust colony growth. Then the selected agar was excised with a razor blade and transferred to a Bruker MSP 96 target plate. An optical image using a digital camera was then taken of the colony. All samples were then covered with Fluka Universal MALDI matrix by the sieve method and then dried in a 37°C oven to generate a uniform distribution of the crystalline matrix.
IMS parameters
MALDI time-of-flight (TOF) (Bruker-microflex) was used for IMS analysis. Samples were subjected to IMS with a typical m/z range of 200-3600 Da. Different mass ranges used for each organism are indicated in Supplementary Table 1 . Raster grids indicating the laser intervals in both the X and Y direction were typically set, depending on the image, to 200 to 800 μm increments resulting in the collection of~1300-20,000 spectra.
IMS data analysis and image generation
The IMS data sets were analyzed using the Bruker FlexImaging software. The mass spectra collected were processed by the software and then displayed as one average mass spectrum. Ions were assessed manually and those of interest were assigned a false color allowing for the spatial distribution of the ion to be displayed within the defined raster (Supplementary Fig. 1 ).
MALDI-TOF/TOF and FT-ICR-MS analysis
Different methods were pursued for the identification of the ions of interest. One method was intact cell MALDI-TOF/TOF, which consists of spotting 1-2 μL of a liquid culture on the MALDI target plate, followed by 1-2 μL of liquid matrix. The sample is allowed to dry and then analyzed. As an alternative method, each microorganism was grown until saturation in the appropriate liquid medium, to a high cell density, extracted with n-butanol or methanol, and dried by SpeedVac. The extracts were then subjected to FT-ICR-MS analysis (Thermo) or MALDI-TOF/TOF (ABI 4800 TOF/TOF) to obtain high-resolution mass spectra for the generation of high mass accuracy molecular formulas and tandem mass spectrometry for structure annotation (Supplementary Table 2 and Supplementary Fig. 2 ).
Results and discussion
The growth conditions and imaging parameters for several microbial colonies were optimized and are displayed in Supplementary Table 1 . The resulting table of mass-to-charge ratios (m/z) and corresponding images obtained with IMS are provided in Supplementary Fig. 1 . The organisms subjected to IMS ranged from fungi, bacteria to cyanobacteria. These microorganisms were isolated from a wide assortment of habitats such as marine sediments, terrestrial soils, insects, humans and plants. Most of the organisms readily grew on ISP-2 agar except five marine Salinispora strains that grew only on A1 medium, and one cyanobacterium (Nostoc sp.) that grew only on BG-11 agar. In addition, the fungi tested preferably grew on PDA media. In the end, colonies from 40 different organisms were successfully cultured and subjected to IMS, giving information on their respective secretomes, albeit not always in optimized media. On average, we found 11.3 microbial-derived ions were observed within a single IMS run for each organism within the experimental conditions tested. This will be a low estimate of the total metabolic exchange capacity of these microbes as we only capture a small portion of the molecules. Molecules with that are poorly ionized or have no charge, opposite charge of the ionization used or molecules that are present in low quantities are not observed. Nonetheless this number provides an indication of the minimal number of metabolic exchange factors a colony produces. As a means to categorize the observed spatial distributions, ions were denoted as either being colony associated or secreted metabolites (Fig. 2) . The most challenging colonies to image were the microbes grown on the seawater-based medium A1. Given its high salt contents, this medium appeared to suppress ion formation, resulting in data sets that were inconclusive. The imaging did improve when the A1 media was diluted, reducing the salt concentration to approximately 25% of its original content, which did not affect colony growth or morphology. For example, using this optimized method, the antibiotic etamycin was readily identified from the marine actinomycete strain CNS-575 ( Fig. 3) which had been isolated from a sediment sample collected from Fiji [19] . On average, the actinomycetes analyzed, secreted 7.5 compounds per strain compared to 1.5 metabolites that were associated with the colony. All other organisms secreted far fewer metabolites and had more colony-associated ions ( Fig. 2 and Supplemental Fig. 1 ). The observation that most organisms produce colony-bound metabolites may make ecological sense. For example, the cyanobacterium studied, Nostoc sp., only had visible ions associated with the colony. Because this cyanobacterium lives in an aquatic environment, it is metabolically reasonable that it retains important natural products such as the photosynthetic pigment pheophytin A (m/z 871 [M+ H] + ) [20] or defensive natural products. Examples of the latter include inhibitors of trypsin (used to digest food) or thrombin (responsible for blood clotting) in potential predators. In agreement with this observation, we found no evidence for the release of any metabolites from filamentous cyanobacteria, except those that were dying.
Members of the genus Streptomyces have extensive capabilities to produce secondary metabolites and yield the majority of the clinically useful natural antibiotics discovered to date [21] . Fifteen Streptomyces strains were investigated by IMS; to our surprise 11 of these strains displayed an abundance of ions above 1800 m/z. Based on genomic evidence, we hypothesized that these signals may correspond to lantipeptide or lasso peptide natural products [22, 23] , a large group that is generally missed in traditional natural product isolation procedures. Indeed, many of these ions were recently characterized via peptidogenomics to belong to ribosomal and non-ribosomal peptide natural products [24] .
IMS can also be used to study pathogens. Mammals and arthropods alike are continuously exposed to numerous environmental pathogens that are principal sources of infection causing significant morbidity and mortality. IMS was used to monitor the metabolic potential of various pathogens (Supplemental Table 1 have been described to play roles in host immune evasion [25, 26] . We predict IMS can be used to study host-symbiontpathogen interactions in unprecedented ways leading to a greater understanding of the molecular factors associated with pathogenesis. Fig. 3 shows the spatial distribution of the molecule beauvericin in a growing B. bassiana colony.
The IMS data collected as part of this study reinforces these reports by observing ions that correspond to metabolic Table 2 and Supplemental Fig. 2 ). Visualizing the spatial distributions of secondary metabolites produced by heterogeneous mixtures of microorganisms provides an in situ platform to study the chemical interactions in complex microbial colony associated metabolites secreted metabolites communities from the soil or other important niches (e.g. the human microbiome). Finally to highlight the microbial complexity of samples that IMS can tackle we looked at cultured environmental samples. It is estimated that one gram of soil, sand or water contains over a million microorganisms [27] . Inevitably complex communities have evolved over millennia by interacting with each other and have evolved to curate their surrounding environment to maximize niche utilization. Undoubtedly, the secondary metabolites produced by microbes in these communities contribute to colony growth, microbial competition, and community dynamics. Fig. 4 shows two examples in which IMS was used to visualize the metabolic factors associated with microbial communities. The data demonstrate how IMS can be used to simultaneously visualize the metabolic output from different organisms in a community isolated from a Los Angeles garden soil and a marine sediment from La Jolla Shores beach, San Diego. Although the identity of the ions shown in Fig. 4 remains unresolved and some are currently under investigation, microbes originating from soil have been extensively studied, and it has been shown that secreted molecules from these organisms are associated with their ecological roles as environmental curators.
Conclusion
IMS proves to be a powerful discovery tool that allows us to observe and identify secreted or cell-bound metabolic factors, associated with a specific microorganism during colony formation. Many unknown ions were detected by IMS, indicating that traditional extraction-purification methods inevitably overlook many important compounds. The well-known influence of culture conditions and medium components on the metabolic output of microorganisms was also observed. Mass spectrometry parameters such as ionization (here we primarily used positive ion mode), limits of detection, and media types obviously play an important role in the types of metabolites that can be visualized. Within the study herein, different numbers of metabolites were observed for the same organism, which was dependent on the media type (Supplemental Table 1 ). Furthermore, given sample preparation conditions for IMS (the use of a large amount of organic matrix to coat the sample and nutrient media composition), in many instances the parent ion [M+ H] + was not the most abundant ion. Instead, salt adducts (primarily sodium or potassium) were observed. Given the dynamic nature of microbial metabolic output and the numerous variables associated with the IMS platform, we predict no one set of conditions is likely to yield all of the compounds that a strain is capable of producing. For this reason, some known compounds of the specific organisms investigated were not detected in this study. Nevertheless, a vast number of ions were observed when microorganisms were grown on ISP-2 media, including many uncharacterized molecules. Organisms that needed a specific type of media, less conducive to IMS, were easily manipulated by media dilution to yield viable signals in the mass spectrometer. This observation indicates that a vast number of media types can be used to visualize metabolites from different microbes by IMS. The wellendowed producers of natural antibiotics, Streptomyces, were highly amenable towards IMS. Several of the observed ions stemming from the Streptomyces strains tested had patterns indicating their release into the surrounding agar in a multiplex or synergistic fashion. Exciting to note is that the majority of the observed ions have not been described in the literature suggesting that many more compounds await discovery from this well studied genus. Monitoring multiplexed metabolic exchange patterns by IMS can potentially lead to a better understanding of the type of natural products organisms use concretely in vivo. Improvements in technology or innovative methodologies have proven to be the cornerstone of scientific advancement. Considering that the success rate of the discovery of novel antibiotics has declined precipitously in the last few decades [32] , IMS shows promise as a front-end tool for identifying novel antibiotic leads. Indeed, we recently demonstrated that IMS can be used as a discovery tool to find antibiotics by monitoring metabolic exchange patterns [33] .
Complex microbial communities such as the human microbiome [34] are new biological frontiers. Our work demonstrates that IMS has the ability to simultaneously capture multiple molecular signals from a community of bacteria. To complement the taxonomic efforts being put forth by the Human Microbiome Sequencing Project [35] , we predict that IMS will provide an important tool to decipher the molecular basis of interspecies interactions. Understanding "how" microbes interact is a logical progression after identifying the composition of the human microbiome or any complex microbial community. Ultimately, IMS has the capacity to advance our understanding of the hidden microbial world by visualizing the spatial distribution or patterns of multiple compounds derived from colonies grown directly on agar media.
